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PREFACE
Spectroscopy plays a vital role in modern chemistry by
providing powerful tools for the identification and analysis of
chemical substances. The book Fundamentals of Spectroscopy
has been written with the objective of presenting the basic
principles and applications of major spectroscopic techniques

in a clear and systematic manner.

This book is primarily designed for undergraduate students of
chemistry and related disciplines. It aims to build a strong
foundation by introducing the fundamental concepts of
spectroscopy in a simple and understandable way. Special
emphasis has been given to four important techniques:
Ultraviolet (UV) spectroscopy, Infrared (IR) spectroscopy,
Nuclear Magnetic Resonance (NMR) spectroscopy, and Mass
spectrometry. Each chapter explains the basic principles,
instrumentation, and applications of these techniques,

supported by relevant examples.



Efforts have been made to present the subject matter in a
student-friendly manner, avoiding unnecessary complexity
while maintaining scientific accuracy. Diagrams, illustrations,
and simple explanations have been included to enhance
understanding and to help students grasp the concepts with

c€asc.

This book is the result of my teaching experience and
interaction with students, which helped me understand their
difficulties and learning needs. I hope that this book will serve
as a useful resource for students, teachers, and anyone

interested in learning the fundamentals of spectroscopy.
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Spectroscopy
1.1 Magnetism

* Magnetism is a phenomenon by which a material exerts

either attractive or repulsive force on another.

* Basic source of magnetic force is movement of electrically
charged particles. Thus, magnetic behavior of a material can be

traced to the structure of atoms.

* FElectrons in atoms have a planetary motion in that they go
around the nucleus. This orbital motion and its own spin cause
separate magnetic moments, which contribute to the magnetic
behavior of materials. Thus, every material can respond to a

magnetic field.

* However, the manner in which a material responds depend
much on its atomic structure, and determines whether a

material will be strongly or weakly magnetic.
Bohr magneton

* Magnetic moment due to spin of an electron is known as
Bohr magneton, MB.
Mp ==9.274X107* A.m?

*  This depends on the material’s magnetic susceptibility — its

magnitude and sign.
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e where q is the charge on the electron, h — Planck’s constant,

me — mass of electron.
*  Bohr magneton is the most fundamental magnetic moment.
Why are not all materials magnets?

* As every material consists of spinning electrons, each of

them could be a magnet. Fortunately, not so!
*  There are two reasons for it.

»  First: according to Pauli exclusion rule, two electrons with
same energy level must have opposite spins — thus so are their

magnetic moments, which cancel out each other.

* Second: orbital moments of electrons also cancel out each
other — thus no net magnetic moments if there is no unpaired

electron(s).
Magnetic dipoles

*  Magnetic dipoles are found to exist in magnetic materials,

analogous to electric dipoles.

* A magnetic dipole is a small magnet composed of north

and south poles instead of positive and negative charges.

*  Within a magnetic field, the force of field exerts a torque

that tends to orient the dipoles with the filed.

* Magnetic forces are generated by moving electrically

charged particles. These forces are in addition to any
2|Page



electrostatic forces that may already exist.

» It is convenient to think magnetic forces in terms of
distributed field, which is represented by imaginary lines.

These lines also indicate the direction of the force.
Magnetic field

* Ifamagnetic field is generated by passing current I through
a coil of length | and number of turns n, then the magnetic field

strength, H (units A/m), is given by

nl
H==
l

Magnetic flux density (induction) is the measure of lines
within a medium. It has units as weber (Wb) /m? or tesla

and is defined as

B=pH

e where 4 — permeability. It is a specific property
of the medium, and has units as Wb/A.m or

henry (H) /m.

e ., is a measure of the degree to which the material can

be magnetized.

e where uy— magnetic permeability of vacuum.

If M- magnetization defined as M, is defined as M =y, H

then
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B=wH +poM = pop,H
e ynis called the magnetic susceptibility and is given as
Xom = o —1
1.2 Types of Magnetism

* A material is magnetically characterized based on the way

it can be magnetized.

» This depends on the material’s magnetic susceptibility — its

magnitude and sign.

e Three basic magnetisms are:
* Dia-magnetism

» Para-magnetism

* Ferro-magnetism.  Anti-ferro-magnetism and ferri-

magnetisms are considered as subclasses of ferro-magnetism.
Dia-magnetism

*  Very weak; exists ONLY in presence of an external field,

non-permanent.

* Applied external field acts on atoms of a material, slightly
unbalancing their orbiting electrons, and creates small
magnetic dipoles within atoms which oppose the applied field.
This action produces a negative magnetic effect known as

diamagnetism.

4|Page



* The induced magnetic moment is small, and the
magnetization (M) direction is opposite to the direction of

applied field (H).

* Thus the relative permeability is less than unity i.e.

magnetic susceptibility is negative, and is in order of -10-5.

* Materials such as Cu, Ag, Si, Ag and alumina are

diamagnetic at room temperature.
Para-magnetism

» Slightly stronger; when an external field is applied dipoles
line-up with the field, resulting in a positive magnetization.

However, the dipoles do not interact.

* Materials which exhibit a small positive magnetic
susceptibility in the presence of a magnetic field are called

para-magnetic, and the effect is termed as para-magnetism.

* In the absence of an external field, the orientations of
atomic magnetic moments are random leading to no net

magnetization.

*  When an external field is applied dipoles line-up with the

field, resulting in a positive magnetization.

* However, because the dipoles do not interact, extremely

large magnetic fields are required to align all of the dipoles.

» In addition, the effect is lost as soon as the magnetic field
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1s removed.

* Since thermal agitation randomizes the directions of the
magnetic dipoles, an increase in temperature decreases the

paramagnetic effect.

* Para-magnetism is produced in many materials like

aluminium, calcium, titanium, alloys of copper.

* Magnetic susceptibility of these materials is slightly

positive, and lies in the range
+107 to +1072.
Ferro-magnetism

* Both dia- and para- magnetic materials are considered as
non-magnetic because they exhibit magnetization only in

presence of an external field.

» Certain materials possess permanent magnetic moments

even in the absence of an external field.

» This is result of permanent unpaired dipoles formed from

unfilled energy levels.

» These dipoles can easily line-up with the imposed magnetic
field due to the exchange interaction or mutual reinforcement

of the dipoles. These are chrematistics of ferro- magnetism.

* Materials with ferro-magnetism (Examples: Fe, Co, Ni,

Gd) possess magnetic susceptibilities approaching 106.
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* Above the Curie temperature, ferro-magnetic materials
behave as para-magnetic materials and their susceptibility is

given by the Curie-Weiss law.

* Ferro Magnets are very strong; dipoles line-up
permanently upon application of external field. Has two sub-

classes: -
o Anti-ferro-magnetism:
o Ferri-magnetism: Anti-ferro-magnetism

» Dipoles line-up, but in opposite directions, resulting in zero

magnetization.
* Eg: Mn, Cr, MnO, NiO, CoO, MnCl»

* Exchange interaction which is responsible for parallel
alignment of spins is extremely sensitive to inter-atomic
spacing and to the atomic positions. This sensitivity causes

anti-parallel alignment of spins.

*  When the strength of anti-parallel spin magnetic moments
is equal, no net spin moment exists, and resulting

susceptibilities are quite small.

*  One noticeable characteristic of anti-ferro-magnets is they
attain maximum susceptibility at a critical temperature called
Neel temperature. At temperatures above this, anti-ferro-

magnets become para-magnetic.

7|Page



Ferri-magnetism
* Some ceramic materials exhibit net magnetization.

» In amagnetic field, the dipoles of a cation may line up with
the field, while dipoles of other cation may not. These ceramics

are called ferrites, and the effect is known as ferri-magnetism.

» Ferri-magnetism is similar to anti-ferro-magnetism in that
the spins of different atoms or ions line up anti-parallel.
However, the spins do not cancel each other out, and a net spin

moment exists.

* Below the Neel temperature, therefore, ferromagnetic
materials behave very much like ferromagnetic materials and

are paramagnetic above the Neel temperature.

* These materials exhibit a large but field dependent

magnetic susceptibility similar to ferro-magnets.

* They also show Curie-Weiss behavior. As these ceramics
are good insulators, electrical losses are minimal, and hence
ferrites have lot of applications in devices such as high

frequency transformers.
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1.3 Temperature effect

* Temperature does have a definite effect on a materials’

magnetic behavior.

*  With rising temperature, magnitude of the atom thermal
vibrations increases. This may lead to more randomization of

atomic magnetic moments as they are free to rotate.

* Usually, atomic thermal vibrations counteract forces
between the adjacent atomic dipole moments, resulting in
dipole misalignment up to some extent both in presence and

absence of external field.

* As a consequence of it, saturation magnetization initially
decreases gradually, then suddenly drops to zero at a

temperature called Curie temperature, Tc.

* The magnitude of the Curie temperatue is dependent on the
material. For example: for cobalt — 1120 °C, for nickel — 335
°C, for iron — 768 °C, and for Fe304 — 585 °C.

Magnetic domains

* In addition to susceptibility differences, the different types
of magnetism can be distinguished by the structure of the

magnetic dipoles in regions called domains.

* Each domain consists of magnetic moments that are
aligned, giving rise to a permanent net magnetic moment per

domain.
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* Each of'these domains is separated from the rest by domain
boundaries / domain walls. Boundaries, also called Bolch
walls, are narrow zones in which the direction of the magnetic
moment gradually and continuously changes from that of one

domain to that of the next.

*  The domains are typically very small about 50 um or less,
while the Bloch walls are about 100 nm thick. For a
polycrystalline specimen, each grain may have more than one

microscopic sized domain.
 Domains exist even in absence of external field.

* In a material that has never been exposed to a magnetic
field, the individual domains have a random orientation. This

type of arrangement represents the lowest free energy.

*  When the bulk material is un-magnetized, the net
magnetization of these domains is zero, because adjacent
domains may be orientated randomly in any number of

directions, effectively canceling each other out.

» The average magnetic induction of a ferro-magnetic

material is intimately related to the domain structure.

*  When a magnetic field is imposed on the material, domains
that are nearly lined up with the field grow at the expense of
unaligned domains. This process continues until only the most

favorably oriented domains remain.
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* In order for the domains to grow, the Bloch walls must
move, the external field provides the force required for this

moment.

*  When the domain growth is completed, a further increase
in the magnetic field causes the domains to rotate and align
parallel to the applied field. At this instant material reaches
saturation magnetization and no further increase will take place

on increasing the strength of the external field.

* Under these conditions the permeability of these materials

becomes quite small
1.4 Introduction to Spectroscopy

Spectroscopy is the branch of science dealing with the study of
interaction of electromagnetic radiation with matter like atoms
and molecules. The interaction of EMR with matter gives rise
to two types of spectra namely atomic spectra and molecular

spectra.

Atomic spectrum arises from the transition of electrons from
one energy level to another due to changes of energy in the

atom.

Molecular spectrum involves transition of electrons between
rotational and vibrational energy levels in addition to electronic
transition. Therefore molecular spectrum is much more

complicated than the atomic spectrum.
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Molecular Spectroscopy provides a clear image of how
diatomic and polyatomic molecules interact by looking at the
Frequency, Wavelength, Wave number, Energy, and molecular
process also provides most useful information regarding the
shape and size of molecules, the bond angles, bond lengths,

strength of bonds and bond dissociation energies.

Hence molecular spectroscopy is of great use in determining

the structure and constitution of compounds.
Electromagnetic Radiations (EMR)

EM radiation is created when a subatomic particle, such as an
electron, is accelerated by an electric field. Thmovement
produces oscillating electric and magnetic fields, which travel
at right angles to each other in a bundle of light energy called a
photon. Photons travel as harmonic waves at the fastest speed
possible in the wuniverse: 186,282 miles per second
(299,792,458 meters per second) in a vacuum, also known as

the speed of light.

The EM waves are characterized by frequency, wavelength,

wave number and energy.

Electromagnetic (EM) radiation is a form of energy that is all
around us and takes many forms, such as radio waves,

microwaves, X-rays and gamma rays.

Visible light is only a small portion of the EM spectrum, which

12|Page



contains a broad range of electromagnetic wavelengths.

Electromagnetic waves are formed when an electric field
(shown in red arrows) couples with a magnetic field (shown in
blue arrows). Magnetic and electric fields of an
electromagnetic wave are perpendicular to each other and to the
direction of the wave.

The four main electromagnetic interactions:

The force of attraction or repulsion between electric charges is
inversely proportional to the square of the distance between
them. Magnetic poles come in pairs that attract and repel each
other, similar to that of electrical charges. An electric current
in a wire produces a magnetic field, the direction of which
depends on the direction of the current. A moving electric field
produces a magnetic field, and vice versa.

Characterization of EMR

Wavelength (1) : It is the distance between two consecutive
peaks of a wave (crests).

Unit = m.

Frequency ):
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It is the number of waves that are formed in a given length of
time.

Unit = number of wave cycles per second or hertz (Hz).

A short wavelength means that the frequency will be higher and
a longer wavelength has a lower frequency.

Wavenumber (¥ ): It is the number of waves per unit distance.
Unit=cm-1 ©v=1/A

Energy of EMR (E):

Electromagnetic radiations consists of particles having small
packets of energies called quanta or photons. Photons possess
the characteristic of wave and travel with the speed of light.
The amount of energy corresponding to one photon is
expressed by Planck’s equation as

E=hvorE=hc/ 2

where h = Planck’s constant (6.62x10-34Js)

v - frequency in Hz

- wavelength in cm/m
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CHAPTER-II

2.1 Basics of EMR

Visible light is a form of energy which can be described by two
complementary theories i,e. Corpuscular theory and wave
theory. Neither of these theories can explain all the properties
of light, some properties of light such as photochemical effect,
black body radiations can be explained only by the corpuscular
theory, while the other properties of light such as diffraction,

interference etc can be explained only by the wave theory.

Dispersion
white Angle
Light

Red
Qrange
allow
Graen
BElua
Indigo
Wiolet

Electromagnetic wave theory

Wave theory was put forward by James Maxwell in

1864. According to this theory

1.  Energy is emitted from any source continuously in form
of wave s or radiations and the energy thus emitted is
called radiant energy. The most common example of

radiant energy is heat, light X-rays etc.
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2.  Each radiation consists of mutually perpendicular
oscillating electric and magnetic fields both of which are
perpendicular to the direction of propagation of the

radiation.

3. All radiations have wave character and travel with the

velocity of light i,e. 3x10'°

2.2 ELECTROMAGNETIC SPECTRUM

The field of spectroscopy deals with the study of absorption or
emission of electromagnetic radiations. We are familiar with
the number of different types of electromagnetic radiations
such as cosmic rays, X-rays, Ultra violet light, visible light,
infra-red radiations, radiowaves radar waves etc. All the
electromagnetic radiations travel with the same velocity i,
e.3x10'° cm/sec but differ from one another in the wave length
of their waves. The arrangement of all types of electromagnetic
radiations in the order of their increasing wavelength or

decreasing frequency is called the electromagnetic spectrum
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Spectroscopy is the study of the interaction between matter and
electromagnetic radiation— radiant energy that displays the
properties of both particles and waves. Several different
spectrophotometric techniques are used to identify compounds.
Each employs a different type of electromagnetic radiation. We
will start here by looking at ultraviolet and visible (UV/Vis)
spectroscopy UV/Vis spectroscopy provides information about
compounds with conjugated double bonds. Ultraviolet light
and visible light have just the right energy to cause an
electronic transition—the promotion of an electron from one
orbital to another of higher energy. Depending on the energy
needed for the electronic transition, a molecule will absorb
either ultraviolet or visible light.

If it absorbs ultraviolet light, a UV spectrum is obtained; if it
absorbs visible light, a visible spectrum is obtained. Ultraviolet
light is electromagnetic radiation with wavelengths ranging
from 180 to 400 nm (nanometers); visible light has
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wavelengths ranging from 400 to 780 nm. (One nanometer is
or 10 A.) Wavelength is inversely related to the energy: The
shorter the wavelength, the greater is the energy. Ultraviolet
light, therefore, has greater energy than visible light.

E=hc /A

h =Planck’s constant c= velocity of light

The normal electronic configuration of a molecule is known as
its ground state—all the electrons are in the lowest-energy
molecular orbitals. When a molecule absorbs light of an
appropriate wavelength and an electron is promoted to a higher
energy molecular orbital, the molecule is then in an excited
state.

Thus, an electronic transition is the promotion of an electron to
a higher energy MO. The relative energies of the bonding,
nonbonding, and antibonding molecular orbitals are shown.
Ultraviolet and visible light have sufficient energy to cause
only the two electronic transitions.

The electronic transition with the lowest energy is the
promotion of a nonbonding (lone- pair) electron (n) into an
antibonding molecular orbital. This is called an (stated as —n
to starl) transition.

The higher energy electronic transition is the promotion of an
electron from a bonding molecular orbital into an antibonding
molecular orbital, known as a (stated as — to starl) transition.
This means that only organic compounds with electrons can

produce UV Vis spectra.
18| Page



T
10 10

Waveleaght (m)

\ rotational electronic

level E*_ excited stateE’

v -
vy=2 vibrational
1 level E*

electronic ground
rotational state E,
E ” \ level E”

2.3. PRINCIPLES OF UV SPECTROSCOPY

Whenever UV radiation is passed through the solution of an
organic compound, it is either absorbed or transmitted
depending up on the wavelength and its molecular structure of
the organic compound.

As a result of the absorption of the energy an electron gets

excited from the electronic state to some higher electronic state.
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During this absorption process, some of the molecules of the
organic compound will collide with the photons of the radiant
energy.
Although a large number of such photon molecule collisions
are possible, but only those will result in absorption of energy
in which the energy of the photon exactly matches the
difference in energies of the electron in the ground and the
excited electronic states of the molecule
If EO and E1 are the energies of the ground and the first ex
between these states, then cited electronic states of the
molecule respectively and AE is the difference in energy
AE = (E1 - E0)

=hv

=hc/A

2.4. The Beer—Lambert Law

Wilhelm Beer and Johann Lambert independently proposed
that at a given wavelength, the absorbance of a sample depends
on the amount of absorbing species that the light encounters as
it passes through a solution of the sample.

In other words, absorbance depends on both the concentration
of the sample and the length of the light path through the
sample. The relationship among absorbance, concentration,
and length of the light path is known as the Beer—Lambert law

and is given by
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A =e¢cl

Where A = absorbance of the sample

logI%/1

I° = intensity of the radiation entering the sample

I = intensity of the radiation emerging from the sample

¢ = concentration of the sample, in moles/liter

1 = length of the light path through the sample, in centimeters €

= molar absorptivity (liter mol-1 cm-1)

Molar absorptivity

The molar absorptivity (formerly called the extinction
coefficient) of a compound constant that is characteristic of the
compound at a particular wavelength. It is the absorbance that
would be observed for a 1.00 M solution in a cell with a 1.00
cm path length.

The molar absorptivity of acetone, for example, is 9000 at 195
nm and 13.6 at 274 nm. The solvent in which the sample is
dissolved when the spectrum is taken is reported because molar
absorptivity is not exactly the same in all solvent So the UV
spectrum of acetone in hexane would be reported as 195 nm
(hexane); 274 nm (hexane).

Because absorbance is proportional to concentration, the
concentration of a solution can be determined if the absorbance
and molar absorptivity at a particular wavelength are known.

e=Alcl
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Presentation of the spectra

The ultraviolet—visible spectrum is generally recorded as a plot
of absorbance versus wavelength. It is customary to then replot
the data with either e or log e plotted on the ordinate and
wavelength plotted on the abscissa. Figure5.2., the spectrum of
benzoic acid, is typical of the manner in which spectra are
displayed. However, very few electronic spectra are
reproduced in the scientific literature; most are described by
indications of the wavelength maxima and absorptivities of the

principal absorption peaks.

20
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SOLVENTS

The choice of the solvent to be used in ultraviolet spectroscopy
is quite important. The first criterion for a good solvent is that
it should not absorb ultraviolet radiation in the same region as
the substance whose spectrum is being determined.

Usually, solvents that do not contain conjugated systems are
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most suitable for this purpose, although they vary regarding the
shortest wavelength at which they remain transparent to
ultraviolet radiation. Table 5.1 lists some common ultraviolet
spectroscopy solvents and their cutoff points or minimum
regions of transparency.

Of the solvents listed in Table water, 95% ethanol, and hexane
are most commonly used. Each is transparent in the regions of
the ultraviolet spectrum in which interesting absorption peaks
from sample molecules are likely to occur.

A second criterion for a good solvent is its effect on the fine
structure of an absorption band. Figure 5.3. illustrates the
effects of polar and non-polar solvents on an absorption band.
A non-polar solvent does not hydrogen bond with the solute,
and the spectrum of the solute closely approximates the
spectrum that would be produced in the gaseous state, in which
fine structure is often observed. In a polar solvent, the hydrogen
bonding forms a solute—solvent complex, and the fine structure

may disappear
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Some Common Ultraviolet Spectroscopy Solvents and

Their Minimum Regions of Transparency

S.No [Solvents Minimum Regions of]
Transparency nm
1. Acetonitrile 190
2. Chloroform 240
3. Cyclohexane 195
4. 1,4-Dioxane 215
5.  195% Ethanol 205
6. n-Hexane 201
7.  [Methanol 205
8. Isooctane 195
9. Water 190
10. [Trimethyl phosphate 210

2.5. BORN OPPENHEIMER APPROXIMATION

A molecule usually contains two or more atoms and
can exist in a number of energy levels. An electronic transition is
accompanied by a number of vibrational and rotational transitions.
An electronic spectrum is made up of a number of lines due to
simultaneous changes in the vibrational and rotational energies.

According to Born-oppenheimer approximation, the total energy of
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the molecule is given by:
Etotal = Etrans T EvibTErottEEie
Also change in energy (AE) of molecule due to absorption of
radiation is given by:
(AE) = AEtrans + AEviptAERro+AEE
Neglecting change in translational energy, the magnitude of the
change in energies has the order:
AEgie > AEviv> AERot
Since the molecular spectra consists of a number of closely
spaced lines in the form of a band,
The electronic spectra are often called band spectra. It is
different from the line spectra obtained in the case of atoms.
The frequency (in cm™) of the electronic transition is given by:
v = AE/hc= (AEgi +AEvi, + AERo ) /he
AEvi, and AEgre have a number of values depending
upon their respective quantum numbers. The number of
possible lines for a given change in electronic level is large.
Hence the electronic band spectra are complex.
Considering the magnitude of electronic, vibrational and
rotational energy changes.
The electronic spectra are often called band spectra. It is
different from the line spectra obtained in the case of atoms.
The frequency (in cm™) of the electronic transition is given by:
v= AE/hc= (AEgi. +AEvib + AERoy /hc
AEvi, and AERre have a number of values depending upon

their respective quantum numbers. The number of possible
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lines for a given change in electronic level is large.
Hence the electronic band spectra are complex.
Considering the magnitude of electronic, vibrational and

rotational energy changes.

2.6. Types of electronic transition:

According to molecular orbital theory, when a molecule is
excited by the absorption of energy (UV-visible regions
involves promotion of its electrons from a bonding, or non-
bonding (n) orbital to an antibonding orbital. There are ¢ and ©
bonding orbitals associated with ¢* and =n* antibonding
orbitals, respectively. Non-bonding (n or p) orbitals are not
associated with antibonding orbitals because non-bonding or

lone pair of electrons present in them do not form bonds.

Electronic transitions
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VUV UV Vis
- n > n* - carbonyls
n->n*

- - aromatics

(conjugated n)
n->n*
{diene n)

n->n*
(isolated nt)
n = o* O.N, S, halogens

d.one&

unsatutated alkanes

lo = o* alkanes

100 200 300 400 500 600 700
Wavelength (nm)

(i) 6—0* (iii) n—o¢* (iii)yr—7 * (iv)n—mw *

These are electronic transitions are involved in the UV-visible
region

. n—n * transition represents promotion of & electrons
to an antibonding = orbital (i.e) m * orbital

. oc—c*  transition takes place when ¢ electron is
promoted to antibonding o orbital (i.e) o* orbital

. n—c* when a non-bonding electron (n) gets promoted
to an antibonding sigma orbital (c*).

. n— 7 * when a non-bonding electron (n) gets promoted
to an antibonding 7 orbital (¢*).

The energy required for various transitions obey the following
order.

6—6* >n—oc*> o *>n—on*
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Table illustrates the type of transition and the resulting
maximum wavelength.

Molecule Transition A e )
> L
Ethane u—-—l—-—l——u < — 135
2] e
T
< — 150
Methanol -— T—ou — 182
2]
X -
Ethylene t::-:% FT —=-JT*= 175
- e
L=
o ™S
Benzene é LI TT—aJT 254
R
= - o iR
Acetone

6—c* transition:

It is high energy process since ¢ bonds are very strong. In
organic compounds in which all valence shell electrons are
involoved in the formation of ¢ bonds do not show absorption
in the normal ultraviolet region. (i.e) 180-400mp. for saturated
hydrocarbons, like methane, propane etc. absorption near
150mp (high energy). such transition requires to very short
wave length (high energy)

The region below 200mp is commonly called vaccum
ultraviolet. The excitation of o bond electron to o*
(antibonding) level occurs with net retention of electron spin.
It is called singlet excited state which may turn to excited triplet

state.This region is less informative.
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n—c¢* transition:

In this transition saturated compounds containing non-
bonding(unshared) electrons on a heteroatom are capable of
showing absorption due to n—c* transitions. These transitions
require lower energy than c—c* transitions.

Some organic compounds undergoing this type of transitions

are halides, alcohols, ethers, aldehydes, ketones etc.

For example, methyl chloride shows 169mp,
methyl iodide - 258 mp,
methyl alcohol - 174mp and

water — 167mp

In methyl chloride and methyl iodide, due to the greater
electronegativity the chlorine atom, the n electrons on cholrine
atom are comparatively difficult to excite. The absorption
maximum for methyl chloride is 172-175mp whereas methyl
iodide is 258mp as an electron on iodine atom are loosely
bound. Since this transition is more probable in case of methyl
iodide.

Similarly, amines absorb at higher wavelength as
compared to alcohols. Hence extinction coefficient for amines
will be large. This transition is very sensitive to hydrogen
bonding.

Alcohols as well as amines form hydrogen bonding with the

solvent molecules. Such association occurs due to the presence
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of non-bonding electron on the hetero atom. This transition
requires greater energy.

Hydrogen bonding shifts ultraviolet absorpions to
shorter wavelength.
a—m ¥ transition:

This type of transition occurs in the unsaturated centres
of the molecule. (i.e) in compounds containing double or triple
bonds and also in aromatics.

The excitation of m electron requires smaller energy
and hence, transition of this type occurs at longer wavelength.
A m electron of a double bond is excited to w * orbital.

For ex alkenes, alkynes, carbonyl compounds, cyanides,azo
compound.etc.

This transition requires less energy as compared to n—c*
transition. Absorption occurs at longer wavelength. Absorption
usually occurs at with in the range.

Unconjugated alkenes- 170-190mp

Carbonyl compounds- around 180mp

n— 7 * transition

an electron of unshared electron pair of hetero atom get excited
to * antibonding orbital. This requires less amount of energy
and occurs longer wavelength.

Saturated aldehydes and ketones show both types of transitions,
i.e. low energy n— = *and high energy m— 7 * occurring in the
regions 270-300 nm

and 180-190 nm, respectively; absorption occurring at longer
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wavelength is usually intense.

acetone shows n— 1 * at emax 279 nm. The band due to =— 7
* transition is more intense, i.e. it has high value of € than the
less intense bands due to n— mw *transition. In addition,
carbonyl compounds also exhibit high energy n— o* transition
around 160 nm. It depends upon the polarity of the solvent.;
acetone shows emax 166 nm.

Because of different structural environments, identical
functional groups in different compounds do not necessarily

absorb at exactly the same wavelength.

2.7. Primary Types of Shifts
Bathochromic Shift or Effect.

The shift of an absorption maximum to a longer
wavelength due to the presence of an auxochrome,
or solvent effect is called a bathochromic shift or red shift.

For example, benzene shows Amax 256 nm and

aniline shows Amax 280 nm.
Thus, there is a bathochromic shift of 24 nm in the Amax of
benzene due to the

presence of the auxochrome NH2.

Hypsochromic Shift or Effect.
The shift of an absorption maximum to a shorter

wavelength is called hypsochromic or blue shift
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This is caused by the removal of conjugation or change in the
solvent polarity.
For example, aniline shows Amax 280 nm, whereas anilinium
ion (acidic solution of aniline)
shows Amax 254 nm.

This hypsochromic shift is due to the removal of
n— 7 * conjugationt of the lone pair
of electrons of the nitrogen atom of aniline with the = bonded
system of the benzene ring
protonation because protonated aniline has no lone pair of

electron to conjugation.

Effect of Substituents on Absorption Spectra
ﬁ Hyperchromic Shift

= GHypochromic shift
L=

(S E=

max |8 s
= - -
S Bathochromic Shift
2 Red Shift
S
T
Wavelength (nm)
. Bathochromic shift :- Absorption maximum of a

compound shift to longer wavelength, it is known as
Bathochromic shift or red shift.

. Hypsochromic shift:- Absorption maximum of a
compound shifts to a shorter wavelength it is called a

Hypsochromic shift or Blue shift.
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. Hyperchromic shift :- Intensity of the absorption
band increases.
. Hypochromic shift:- Intensity of the absorption band

decreases.

2.8. INSTRUMENTATION:
A spectrometer is a device which detects the

percentage transmittance of light radiation
when light of certain intensity and frequency range is passed
through the sample.
It is compares with the intensity of the transmitted light with
that of the incident light.

Modern uv spectrometer are double beam instruments

and consists of

. light source

. monochromator

. detector

. amplifier

. recording devices

Radiation Source:

0 the most suitable sources of light are Tungsten filament
lamp and hydrogen-deuterium lamp

which cover the whole of the UV-visible region.

0 the hydrogen-discharge lamp is the most commonly

used source
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of radiation in when more (3-5 times) intensity is desired.
0 A tungsten-filament lamp is used when absorption
happens in the visible region (400-800 nm) and particularly

in red radiation.

Reference

[]

Data output Detector I —_—

Deuterium /
Tungsten lamp

| ] v
0 the deuterium discharge source falls above
360mp.This technique is not useful below 200mp.

since oxygen absorbs strongly at 200mp and below.

0 the primary source of light is divided into two beams
of equal intensity. Before dividing it into two beams,

the incident radiation is dispersed with the help of rotating

prism.
Monochromator:
0 the various wavelengths of a light source are separated

with a prism and then selected by slits such that the

Rotation of the prism causes a series of continuously increasing
wavelengths to pass through the slits

for recording purposes.

0 the selected beam is monochromatic which is then
divided into two beams equal intensity.

Dispersion grating can also be employed to obtain
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monochromatic beam of light from polychromatic

radiation (UV-VIS radiation).

0 Dispersion of a single beam or grating very small, it is
not possible to isolate or collimate Very narrow band widths.
0 First dispersion is passed through a slit and then sent to
the second dispersion. After the second dispersion,

light passes through the exit slit.

0 One of the beams of selected monochromatic light is
passed through the sample solution and other beam of

equal intensity is passed through the reference solvent. The
solvent as well as the solution of the sample may be

contained in cells made of material which is transparent
throughout the region.

Glass cannot be used since it absorbs strongly in the ultraviolet
region. Silica cells can be used.

Quartz cells also serve the purpose best. Glass can be used
satisfactory in the visible region.

Sample preparation:

0 Usually samples are scanned in dilute solutions.
Sample is weighed and dissolved in suitable solvent.

A little of the solution is taken in a silica cell. Pure solvent is
also taken in an exactly similar cell (reference cell).

These cells are exposed to the monochromatic beams of equal
intensity.

0 After the beams pass through the sample cell as well as

the reference cell the intensities of the
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respective transmitted beams are then compared over the whole

wavelength range.
Detector:
0 The spectrometer electronically substracts the

absorption of the solvent in the reference beam from the
absorption of the solution. The effects due to the absorption of
light by the solvent is minimised.

The signal for the intensity of absorbance Vs wavelength is
automatically recorded.

0 the spectrum usually plotted as absorbance A (log10
10/1) against wavelength A.

The plot is often represented as € max (Extinstion Coeffecient)
against wavelength.

Amplifier

When sample absorbs light, its intensity is lowered. Thus, the
photoelectric cells P1 and P2

will receive an intense beam from the reference cell and a weak
beam from the sample cell.

The result generation of pulsating or alternating currents which
flows from the photoelectric cells to the

electronic amplifier.

Recorder:

The amplifier is coupled to a small servomotor, which in turn,
is coupled to a pen recorder.

It records the absorption bands automatically. Actually the
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amplifier is coupled a small servomotor which drives
an optical wedge into the reference beam until the photoelectric
cell receives light of equal intensities from

the sample as well as the reference beams.

Photocell
Mirror Sample m

Rotating  Sjits
prism
n ‘

[ / fan i

Mirror  Reference
Beam

m

Motor Electronic
Amplifier |

Double beam UV Spectro photometer

Double beam spectrophotometer is an analytical instrument in
which the light beam coming from the light source splits into
two fractions.One fraction acts as the reference (the reference
beam) while the other fraction passes through the sample
(sample beam). As a result, the reference beam does not pass

through the sample.
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D2 Lamp H

O=>— \
Refrence Detector
Light _ / L
Source U
Monochromator Sample

Double beam UV Spectro photometer

The sample beam can measure the absorbance of the sample.
The reference beam can measure the absorption (the sample
beam can be compared with the reference beam). Therefore, the
absorption is the ratio between the sample beam (after passing
through the sample) and a reference beam. A
spectrophotometer has a monochromator that isolates the
desired wavelengths from a light beam. The reference beam
and sample beam recombine before moving to the
monochromator. Consequently, this avoids or compensates the
electronic and mechanical effects on both sample and reference

beams, equally.

38|Page



The Effect of Conjugation
One of the best ways to bring about a bathochromic shift is to

increase the extent of conjugation in a double-bonded system.

55
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In the presence of conjugated double bonds, the electronic

energy levels of a chromophore move closer together. As a
result, the energy required to produce a transition from an
occupied electronic energy level to an unoccupied level
decrease, and the wavelength of the light absorbed becomes
longer. Figure illustrates the bathochromic shift that is
observed in a series of conjugated polyenes as the length of the

conjugated chain is increased

The Effect of Conjugation on Alkenes
The bathochromic shift that results from an increase in the
length of a conjugated system implies that an increase in

conjugation decreases the energy required for electronic
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excitation. This is true and can be explained most easily by the
use of molecular orbital theory.

According to molecular orbital (MO) theory, the atomic p
orbitals on each of the carbon atoms combine to make p
molecular orbitals. For instance, in the case of ethylene
(ethane), we have two atomic p orbitals, f1 and 2.

From these two p orbitals we form two p molecular orbitals,
y1 and y2*, by taking linear combinations. The bonding orbital
y1 results from the addition of the wave functions of the two p
orbitals, and the antibonding orbital y2* results from the
subtraction of these two wave functions. The new bonding
orbital, a has an energy lower than that of either of the original
p orbitals; likewise, the antibonding orbital has an elevated
energy

Chromophoric group

e The term chromophoric was originally applied to a
system which imparts colour to a compound (Greek,
chromophorus=color carrier). For example, nitro group
is a chromophre since it imparts yellow colour to a
compound.

e Similarly, aryl conguted azo group (Ar---N=N-- --Ar)
is a chromophore since it imparts colour to the azo
dyes. But now the term chromophore is used in a much
broader sense.

e Thus, a chromophore is now defined as any functional
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group that absorbs electromagnetic radiations
irrespective of the fact whether it imparts colour to the
compound or not.

For example, a coarbonyl group is a chromophore
since it absorbs in the UV region at about 279 nm with
a molar extinction coefficient of aboutl5.
Chromophores such as >C=C< and —C=C—which
contains m- electrons and hence undergo =n-m*
transitions. Chromophores such as

>C=0,--N=N--, --NO2 etc., which contain both ©- and

n- electrons and hence undergo n- n* and n- w*

transitions

Chromophore

It is a covalently unsaturated group which is responsible for

absorption of UV or visible radiation and may or may not have

an impact on the colour to the compound.

A compound which contains chromophore it is called

chromogen. In unsaturated linkage such as — C=C-,-N=N-, the
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n electron are loosely bound. These loosely bound electron
required less energy for electronic transition and the absorption
band occur in near UV region.

Example: Acetylene possess -C=C- in structure its Amax is

175-180 nm.

Auxochrome

It is saturated and unsaturated group which consists of one or
more pair of non-bonded electron. This group when attached to
a Chromophore help in altering the wavelength by increasing
the intensity of absorption and increases Amax.

Examples of Auxochrome are: -OH, -NH2, -OR etc.

Applications:

1. Detection of Impurities

It is one of the best methods for determination of impurities in
organic molecules. Additional peaks can be observed due to
impurities in the sample and it can be compared with that of
standard raw material. Also by measuring the absorbance at
specific wavelength, the impurities can be detected.

2. Structure elucidation of organic compounds

It is useful in the structure elucidation of organic molecules,
such as in detecting the presence or absence of unsaturation, the
presence of hetero atoms.

3. UV absorption spectroscopy can be used for the

quantitative determination of compounds that absorb UV
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radiation.

4. UV absorption spectroscopy can characterize those
types of compounds which absorbs UV radiation thus used in
qualitative determination of compounds. Identification is done
by comparing the absorption spectrum with the spectra of
known compounds.

5. This technique is used to detect the presence or absence
of functional group in the compound. Absence of a band at
particular wavelength regarded as an evidence for absence of
particular group.

6. Kinetics of reaction can also be studied using UV
spectroscopy. The UV radiation is passed through the reaction
cell and the absorbance changes can be observed

7. Many drugs are either in the form of raw material or in
the form of formulation. They can be assayed by making a
suitable solution of the drug in a solvent and measuring the
absorbance at specific wavelength.

8. Molecular weights of compounds can be measured
spectrophotometrically by preparing the suitable derivatives of
these compounds.

9. UV spectrophotometer may be used as a detector for

HPLC.
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CHAPTER-III
IR SPECTROSCOPY

IR spectroscopy deals with the recordings of the
absorption of radiations in infrared region of the
electromagnetic spectrum. light having a longer wavelength

and a lower frequency than visible light.

O.4um 0.76um ,oo0um

T T T

The IR spectroscopy is most widely used for the detection of
functional groups and identification of organic compounds.
The ordinary infrared region 2.5-15p (4000-667cm-1). The
region 0.8-2.5u (12500-4000cm-1) is called the near infrared
and the region 15-200 p (667-50cm™) the far infrared. The
absorption infra-red radiations (quantized) cause the various
bands in a molecule to stretch and bend with respect to one
another. IR spectra often called vibrational-rotational spectra.
Vibrational spectroscopy is due to the interaction of matter with
the Infra-red region of the electromagnetic spectrum.

Spectral Range of IR Radiation:

. Near IR: 12000 cm-1 to 4000 cm-1
. MID IR: 4000 cm-1 to 620 cm-1
. Far IR: 300 cm-1 to 10 cm-1

The mid IR region is used for the sample analysis in IR

spectroscopy.
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Quantum Approach

Irradiation of sample with IR radiation brings about vibrational
changes in molecules. The transition of molecule is from lower
vibrational energy level to higher vibrational energy level. The
transition is induced by absorption of photon of the IR radiation
of appropriate frequency, which matches with energy gap

between the two levels.

7 Potential
vibrational levels curve
representing
the ground
- A
= electronic
S state.
| =
wi
Rotational
Vibrational transitions
transition (in microwave)
(in infrared)

Internuclear separation
Dipole Moment (p) = Charge (Q) * distance of separation
(r)
Measured in Debye units denoted by ‘D’.
1 D = 3.33564 x 10-30 Cm, where C is Coulomb and m is
meter.
The bond dipole moment that arises in a chemical bond
between two atoms of different electronegativities can be
expressed as follows:
p=4a.d
where p is the bond dipole moment, & is the magnitude of the
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partial charges 6+ and 6—,

and d is the internuclear distance between 8+ and 6—.

Restoring force \ Displacement

Equilibrium

The bond between the atoms is considered as a spring which
can undergo stretching and bending vibrations. During
vibration, there is a change in the dipole moment of the
molecule as a result of the change in the distance between the
atoms. When an atom in a molecule is stretched over a certain
distance keeping the other atom stationary, the atom gets
displaced from its equilibrium position by distance “x” . To
attain equilibrium, the atom tries to move back to the original
position, by applying a restoring force which is equal the
displaced distance but will be in the opposite direction and has
a negative value. According to Hook’s Law:

-restoring force o x

-Fax

-F = kx k = force constant
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Harmonic Oscillator — vibrating pendulum

1 /k
® osc = vibrational fre(2 771V ML
— 1 'K
Wose = 21'[0" L

3.1. PRINCIPLE:

The absorption of infra-red radiation causes an
excitation of molecule from a lower to the higher vibrational
level and it is associated with the closely rotational level. All
the bonds in a molecule are not capable of absorbing infra-red
energy but only those bonds which are accompanied by a
change in dipole moment will absorb infra-red region. Such
vibrational transition which are accompanied by a change in
dipole moment of the molecule are called infrared active
transition. On the other which are not accompanied by change
in dipole moment and are not directly observed it is called
Infrared active.

For ex C=0, N-H, O-H etc. these are change in dipole moment
and absorb strongly in Infra-red region. But C-C bonds in
symmetrical alkanes and alkynes are not accompanied by
change in dipole moment and hence do not absorb in the infra-

red radiation.
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3.2. Selection Rules:

IR light is absorbed only when a change in dipole
character of the molecule. Complete symmetry about a bond
eliminates some absorption bands.

(1) If a molecule has a centre of symmetry, then the
vibrations are centrosymmetric and are inactive in the IR but
are active in raman.

(1) The vibrations which are not centrosymmetric are
active in Infrared but inactive in Raman.

Since most of the organic compound, the functional group are
centrosymmetric. IR spectroscopy is most informative.
Consider various vibrations in case of carbon dioxide.

The above vibrations are all fundamental vibration s of carbon
dioxide.

Since (i) does not give rise to any change in dipole moment, it
is infrared inactive.

(i)  Asymmetric stretching causes a net change in dipole
moment and thus is infrared active and absorbs 2350cm-1
vibrations. (iii) and (iv) are said to be degenerate. The bending
of bonds in the molecule are identical but occur in
perpendicular planes and thus appear in the same position
(v=667cm™) in the spectrum. Thus, the spectrum of carbon
dioxide consists of two bands (I) 2350 cm-1 due to asymmetric

stretching and(ii) 667cm™ due to bending vibrations.

48|Page



< > » p=C=0 8=c=6
0=C=0 0=C=0 7 ),

(i) (i) (i) (iv) |
Symm Stretching Asymm Stretching
DM = 0. IR inactive !

v=2350 cm

Bending vibrations

v=667cm
IR inactive

3.3. Modes of vibration:

The simplest vibration motions in molecules giving rise to
absorption of infrared radiation are stretching and bending. A
non-linear molecule with n atoms generally has 3n-6
fundamental vibration modes. Methane, then, ha 3(5)-6=9
fundamental modes, and ethane has 3(8)-6=18 Fundamental
modes. Many of these vibrations occur at the same frequency
and are therefore “degenerate”.

Consider the three fundamental vibrational modes of non-linear
triatomic water molecule. The two O-H bonds can stretch in
phase with each other (symmetric stretching) or they can
stretch out of phase (anti-symmetric stretching). The H-O-H
bond angle can also change in bending vibration, making, e.g,
a scissoring motion. Other bending modes are twisting,

rocking, etc.
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stretching vibration stretching vibration

Qo D o

O==Cu==( O0=C=0
Symmetrical Asymmetrical
u=0 # # 0 IR active
no change in the (2350 cm~")
dipole moment (u)
“inactive’’ in the IR
S — o —

)

O=C=0 O=C=0
O a 666 cm ™! O
—_—
bending vibrations are equivalent

Linear molecules, e.g., CO2 have 3n-5 vibrational degrees of
freedom and CO2 with three atoms, thus has four fundamental
vibrations. [3x3-5=4)]. The stretching and bending vibration of
interest for infrared spectroscopy for two atoms joined by a

covalent bond around tetrahedral carbon.

i,.f" ,e'
l> C‘:‘H E>H/\ C\H CJ‘> \

symmetric stretching antisymmetric mtldnn;
—_

\ K stmchlu Mmdnmhyknepwp
,.'"

=3 KR

\s H - af
anln‘
in-plane bending °‘“'°“Ph” bending
e a%

—_—
bending vibrations for a methylene group

In stretching the distance between two atoms remain in the
same bond axis. The vibrations require higher energy and occur

at higher frequency. In bending or deformation, the distance
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between two atoms remains constant, but the position of the

atoms may change with respect to original bond maxis. This

type of vibration requires lower energy and occurs at lower

frequency.

@fmmo

aqudibdua

a str:tchmg vibration

symmetric nmchm;
3652cm™"; 266 u

bending (scissoring)
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3.4. Vibrational Frequency:

The value of the stretching vibrational frequency of a bond can
be calculated fairly accurately by the application of hooke’law
which may be represented as

l K

I | mm,

-

~
3

2nc | m, +m,
1|k

2ne \ 1t

Where p is the reduced mass
ml, m2 are the masses of the atoms concerned in grams in a
particular bond.
K= force constant of the bond and relates to the strength of the
bond. For a single bond it is approximately 5x105 gm sec?. it
becomes doble and triple for double and triple bond.
C= velocity of the radiation =2.998 x1010 cm sec-1

Thus, the value of vibrational frequency or wave
number depends upon:
(1) Bond strength
(i1) Reduced mass
If bond strength increases or the reduced mass decreases, the
value of the vibrational frequency increases.
Types of vibration:
When infrared light is passed through the sample, the
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vibrational and rotational energies of the molecules are
increased. Vibration can involve either changes in bond length
(stretching) or bond angle (bending). Two kinds of
fundamental vibrations are:

Stretching:

The distance between the two atoms increases or
decreases but the atom remains in the same bond axis. There
are two types of stretching
. Symmetric stretching

. Antisymmetric stretching

Symmetrical stretching (in plane):

In this mode of vibration, the movement of atoms with
respect to the common (or central) atom is simultaneously in
the same direction along the same bond axis.

Asymmetrical Stretching (out plane):

In this vibration, one atom approaches the common atom while
the other departs from it.

Bending Vibrations (Deformations)

In such vibrations, the positions of the atoms change with
respect to their original bond axis. More energy required to
stretch a spring than that required to bend it. So, stretching
absorptions of a bond appear at higher frequencies (higher
energy) as compared to the bending absorption of the same
bond.

Bending vibrations are of four types:
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(a) Scissoring. In this mode of vibration, the movement of
atoms is in the opposite direction two atoms approach each
other with change in their bond axes as well as in the bond angle
they form with the central atom.
(b) Rocking. In this vibration, the atom takes place in the same
direction with change direction with change in their bond axis.
Scissoring and rocking are in plane bendings.
(c) Wagging. In this vibration, two atoms simultaneously move
above and below plane with respect to the central atom
(d) Twisting. In this mode of vibration, one of the atom moves
up and the other the plane with respect to the central atom

Both wagging and twisting are outplane bendings

IN PLANE STRETCHING MOVEMENTS

NN

ASYMMETRIC SYMMETRIC

| IN PLANE BENDING MOVEMENTS |
= o T

SCISSORING ROCKING

| OUT OF PLANE BENDING MOVEMENTS |

f‘ioﬁ /\o/.

TWISTING WAGGING
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VIBRATIONS OF POLYATOMIC MOLECULES
Degrees of freedom:

The number of degrees of freedom is equal to the sum of
coordinates necessary to locate all the atoms of a molecule in
space. Each atom has three degrees of freedom corresponding
to the three Cartesian coordinates (X, Y, Z) which is necessary
to describe its position on relative to other atoms in a molecule.
The total number of degrees of freedom in a molecule
containing N-atoms is equal to 3N which includes rotational,
vibrational and translation degrees of freedom.

Total number of degrees of freedom (3N) = Translational +
Vibrational + Rotational The number of degrees of freedom for
H atom =3

The number of degrees of freedom for Methane (CH4)
molecule = 3N =3x5=15

Poly atomic
S.No. degrees of freedom | Monoatomic Non linear
Linear molecule
molecules

1 Total 3 3N 3N
2 Translational 3 3 3
3 Rotational 0 2 3
4 Vibrational 0 3N-5 3N-6
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Vibrational Degrees of freedom for Linear molecule
Total degrees of freedom for a polyatomic molecule =
Translational + Rotational + Vibrational

3N =3 + 2 + Vibrational

. Vibrational Degrees of freedom = 3N-5

. For example: CO,, CO, HCI, Acetylene

. Vibrational Degrees of freedom for CO =3N-5=1

. Vibrational Degrees of freedom for C,H, =3N-5=7
. Vibrational Degrees of freedom for CO, =3N-5=4

Degrees of freedom of vibration for Non-linear molecule
Total degrees of freedom for polyatomic molecule =
Translational + Rotational + Vibrational 3N = 3 + 3 +
Vibrational

Vibrational Degrees of freedom = 3N-6

Vibrational Degrees of freedom for H,O = 3N-6 =3
Vibrational Degrees of freedom for CHs =3N-6 =9
Vibrational Degrees of freedom for NHz = 3N-6 = 6
Vibrational Degrees of freedom for C¢He = 3N-6 = 30

Regions of the Infrared spectrum

. Most of the bands that indicate what functional group
is present are found in the region from 4000 cm-1 to 1300 cm-
1. Their bands can be identified and used to determine the
functional group of an unknown compound.

. Bands that are unique to each molecule, similar to a

fingerprint, are found in the fingerprint region, from 1300 cm-
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1 to 400 cm-1. These bands are only used to compare the

spectra of one compound to another.

FUNCTIONAL GROUP REGION . FINGERPRINT REGION

4000 cm™ - 1300 cm™! 1300 cm™ - 400 cm™’

\

A

3.5. Instrumentation:
Most IR spectrometers are double beam instruments

consisiting of the following main parts.

1. Radiation source:

2. Sample and reference cell
3. Monochromator

4. Detector and amplifier

5. Recorder

Fixed mirror

IR source

et

Beamsplitter

Movable mirror

CC——_— Sample

— [ ] — L
Detector X (cm) Computer A(em™)
Interferogram Spectrum

Radiation source:
Infrared radiation is usually produced by electrically heating a

Nernst glower (mainly composed of oxides of zirconium,
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ytterium and erbium) or a globar (rod of silicon carbide) to
1000-1800°C. The infrared radiation of succesively increasing
wavelength is used. The radiation from the source is divided
into sample and reference beams of equal intensity by beam
divider.

Sample and Reference Cells

Reference and sample beams pass through the reference cell
and sample cell, respectively. To obtain monochromatic light

optical prisms or grating can be used. For prism matrial Glass

and quartz
REFERENCE
DETECTOR
2 MONOCHROMATIC
—
v SYSTEM
IR SOURCE SPLITTER READOUT

® SAMPLE

cannot be used as windows of cells because they absorb
strongly in most of the IR region. Thus, alkali metal halides
such as NaCl, NaBr, KCI and KBr are most commonly used for
prism material as these are transparent to most of the IR region.
Sodium chloride is hygroscopic and is protected from the

condensation of moisture by working at suitable temperature.
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gratings give better resolution than do prisms at high T.

Light from source split into two beams. One of the beams is
passed through the sample under examination is called sample
beam. The other beam is called reference beam.

When the beam passes through the sample, it becomes less
intense due to the absorption of certain frequencies. There will
be difference in the intensities of the two beams. Let 10
intensities of the reference beam, I be the intensities of the
beam interaction with sample.

Monochromator:

. The reference beam passes through the attenuator and
the sample beam through the comb. Then the two beams can be
alternately reflected out of the optical system and to the
entrance slit of the monochromator with the help of several
mirrors. Thus, the photometer combines the reference and
sample beams into a single beam of alternating segments. The
comb allows balancing of the two beams.

The two beams (sample and reference) are made to fall
on a segmented mirror M(chopper) with the help of two mirrors
M1, M2. The chopper (M) which rotates at a definite speed
reflects the sample and reference beams to a monochromator
grating (B). as the grating slowly, it sends individual
frequencies to detector thermophile.

Detector and Amplifier
The detector is a thermophile (D) which measures radiant

energy into electrical energy. It is then amplified with the help
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of amplifier (A). Due to difference in the intensity of the two
beams falling on the detector, an alternating current starts
flowing from the detector to the amplifier. The amplifier is
coupled to a small motor (E) which drives an optical wedge (F).
Recorder:

The movement of the wedge continues till the detector
receives light of equal intensity from the sample and the
reference beams. Calibration can be carried out using spectrum
of polystyrene.

It records IR spectra as a plot of wavelengths I or
wavenumbers v of absorbed radiations against the intensity of
absorption in terms of transmittance T or absorbance A.
Presently we use the wavenumber unit as it is directly

proportional to energy

T=1/10
T% (percent transmittance) = I/10 X 100
A= log10 I/T

where 10 is the intensity of the incident radiation and I the

intensity of the radiation emerging from the sample.

Sampling techniques:

Infrared spectra of compounds may be recorded in the vapour
phase, as pure liquids, in solution and in the solid state. The
intermolecular forces of attraction are most operative in solids
and least in case of gases. The sample should be dry because

water absorbs near -3710 cm-1 and near 1630 cm-1e
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In Vapour Phase

The vapour or gas is introduced into a special cell
which is usually about 10 cm long and the walls of its both the
ends are normally made of NaCl which is transparent to IR
radiation. The vapour phase technique is limited because of the
too low vapour pressure of most organic compounds to produce
a useful absorption spectrum.
As a Liquid Film
A drop of neat liquid is placed between two flat plates of NaCl
to give a thin film(0.1 to 0.3mm). Thick samples of neat liquids
usually absorb too strongly to give satisfactory spectrum. For
samples that contain water, plates must be constructed with
calcium fluoride. This is the simplest of all sampling
techniques.
In solution
It is most convenient to determine the spectrum in solutions.
Excellent solvents are those which have poor absorptions of
their own. All solvents do absorb in one region or other. Some
important solvents which may be used are:
)] Choloroform
(i1) Carbon tetrachloride
(i)  Carbon sulphide
Water cannot be used as a solvent as it absorbs in several
regions.
Usually, a 1-5% solution of the compound is introduced into a

special cell of 0.1-1 mm thickness and made of NaCl. In order
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to cancel out solvent absorptions, a compensating cell
containing pure solvent is placed in the reference beam. The
chosen solvent must not absorb in the region-of interest. If the
entire spectrum is of interest, then it should be recorded in
different solvents in order to see all the bands clearly. Usually
determination of the spectra of the substance in chloroform as
well as in carbon sulphide provides complete information about
the structure of the substance in solution. Chloroform gives
many absorption because it is less symmetric. But due it better
solvent properties it is mostly used.For example, carbon
tetrachloride and carbon disulphide may be used former shows
little absorption above 1333 cm-1 and the latter below 1333
cm-1 has little absorption. The selected solvent should be inert
to the sample. For example, carbon disulphide should not be
used as solvent for primary or secondary amines.

In Solid State

As a mull or paste: About 2-5 mg of a solid is finely ground in
a agat mortar with one or two drops of the mulling agent. The
mull is examined as a thin film between two flat plates of NaCl.
The most commonly used mulling agent is nujol (a high-boiling
petroleuro oil). When C-H bands interfere with the spectrum,
another mulling agent, hexachlorobutadiene, may be used.

. As a pressed disc: Asolid about 0.5-1 mg is intimately
mixed with about 100 mg of dry and powdered KBr. The
mixture is pressed with special dies, under a pressure of 10,000-

15,000 pounds per square inch, to give a transparent disc
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(pellet). The use of KBr eliminates the problern ofbands due to
the mulling agent and gives better spectra.

. As a depositedfilms: The spectra of solids can also be
recorded by depositing a glassy thin film of the compound on
an alkali metal halide (NaCI or KBr) disc. The deposition takes
place by putting a drop of the solution of the sample (in a
volatile solvent) on the disc and then evaporating the solvent.
Resins, plastics and waxy materials give satisfactory spectra by
this technique.

. In general, a dilute solution in a non-polar solvent gives
the best, i.e. least distorted, IR spectrum because of far less
intermolecular interactions. However, in the solid state or neat
liquids, especially when polar groups capable of hydrogen
bonding are present in the molecule, there are marked changes

in spectral characteristics due to intermolecular interactions.

FTIR Spectrometers

A common FTIR spectrometer consists of a source,
interferometer, sample compartment, detector, amplifier, A/D
convertor, and a computer. The source generates radiation
which passes the sample through the interferometer and reaches
the detector. Then the signal is amplified and converted to
digital signal by the amplifier and analog-to-digital converter,
respectively. Eventually, the signal is transferred to a computer

in which Fourier transform is carried out.
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FT-IR spectrometer
IR — Sampling Techniques
. The samples used in IR spectroscopy can be either in
the solid, liquid, or gaseous state.

. Solid samples can be prepared by crushing the sample
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with a mulling agent (KBr) which has an oily texture. A thin
layer of this mull can now be applied on a salt plate to be
measured.

. Liquid samples are generally kept between two salt
(NaCl) plates and measured since the plates are transparent to
IR light. Salt plates can be made up of sodium chloride, calcium
fluoride, or even potassium bromide.

. Since the concentration of gaseous samples can be in
parts per million, the sample cell must have a relatively long
pathlength, i.e. light must travel for a relatively long distance
in the sample cell.

. Thus, samples of multiple physical states can be used

in Infrared Spectroscopy.

Vibrational Frequencies

Bond Stretching frequency (cm™!) Intensity
O-H (alcohol) 3200-3650 Medium, broad
O-H (carboxylic acid) 2500-3300 Strong, broad
N-H 3100-3550 Medium
C-H (alkane) 2850-3000 Medium
C-H (alkene) 3000-3100 Medium to strong
C-H (alkyne) 3300 Weak to medium
C=C 2100-2250 Weak
C=C 1600-1680 Weak to medium
C=0 (aldehyde/ketone) 1630-1820 Strong
C=0 (ester) 1735-1800 Strong
C=0 (carboxylic acid) 1700-1725 Strong
C-O 1000-1250 Strong
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Selection rules for Infrared transitions

For a particular vibration to be infrared active there must be a
change in the dipole moment of the molecule during the
vibration.

Homonuclear diatomic molecules are inactive in the infrared
spectrum. They do not have a dipole moment and during the
vibration also the dipole moment is zero. eg: H2, 02, N2 etc.
Heteronuclear diatomic molecules such as CO, NO are active
in IR.

Symmetrical polyatomic molecules such as CO2, the
symmetric stretching vibration is infrared inactive whereas the
asymmetric stretching vibration is IR active Av == 1, transition
can take place between Adjacent vibrational levels, 0 to 1, 1 to
2 etc.

. IR spectrum shows bands rather than line spectrum due
to coupling of various rotational transitions within a given
vibrational transition. IR spectrum is generally complex and
contains many bands in addition to the ones corresponding to
fundamental vibrational transitions

. Overtones: Bands corresponding to integral multiple
of fundamental vibration. They are due to transition from
ground state to higher vibrational states. They are very weak
bands. An absorption band at 1050 cm-1 may well have an
accompanying band at 2100 (2 v) and 3150 (3 v) cm-1.

66| Page



. Combination bands: Two vibrational frequencies in a
molecule couple to give a new frequency within the molecule.
This band is a sum of the two interacting bands.

. Difference bands: Similar to combination bands. The
observed frequency is the difference between the two
interacting frequencies.

. Fermi resonance: When a fundamental vibration
couples with overtone or combination Band, the coupled

vibration is called a Fermi resonance.

IR SPECTROPHOTOMETER

IR Spectrophotometer Instrumentation (Double Beam
Spectrometer):

The device 1is referred to as a “double-beam”

spectrophotometer due to its utilization of two light beams:
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Reference beam: The beam is transmitted through the
reference standard for the purpose of monitoring the energy
of the lamp.

Sample beam: The aforementioned beam traverses the
sample medium in order to reflect the absorption of said
sample. The samples used in IR spectroscopy can be either

in the solid, liquid, or gaseous state.

Solid samples can be prepared by crushing the sample with a
mulling agent (KBr) which has an oily texture. A thin layer of

this mull can now be applied on a salt plate to be measured.

Liquid samples are generally kept between two salt (NaCl)
plates and measured since the plates are transparent to IR light.
Salt plates can be made up of sodium chloride, calcium

fluoride, or even potassium bromide.

Since the concentration of gaseous samples can be in parts per
million, the sample cell must have a relatively long path length,
i.e. light must travel for a relatively long distance in the sample
cell.Thus, samples of multiple physical states can be used in
Infrared Spectroscopy

A beam of IR light from the source (Nernst Glower / Globar)
is split into two and passed through the reference and the
sample respectively.

Now, both of these beams are reflected to pass through a splitter
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and then through a detector. Finally, the required reading is
printed out after the processor deciphers the data passed

through the detector

To monochromator

Source

Rotating
sector
mirror M

(a)

—Silvered surface

(b)

4.1Raman Spectroscopy
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CHAPTER-1V
4.1 Introduction:

Raman spectroscopy is an analytical technique where
scattered light is used to measure the vibrational energy modes
of a sample.

It is named after the Indian physicist C. V. Raman who,
together with his research partner

K. S. Krishnan, was the first to observe Raman scattering in
1928.

Raman spectroscopy can provide both chemical and structural
information, as well as the identification of substances through
their characteristic Raman ‘fingerprint’. Raman spectroscopy
extracts this information through the detection of Raman

scattering from the sample.

Theory of Raman Scattering:

When light is scattered by molecule, the oscillating
electromagnetic field of a photon induces a polarization of the
molecular electron cloud.

This leaves the molecule in a higher energy state with the
energy of the photon transferred to the molecule.

This can be considered as the formation of a very short-lived
complex between the photon and molecule which is commonly
called the virtual state of the molecule.

The virtual state is not stable and the photon is re-emitted
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almost immediately, as scattered light.

Rayleigh Scattering

. In the vast majority of scattering events, the energy of
the molecule is unchanged after its interaction with the photon.
. The energy, and therefore the wavelength, of the
scattered photon is equal to that of the incident photon. ¢ This
is called elastic (energy of scattering particle is conserved) or

Rayleigh scattering and is the dominant process.

Raman Scattering

. In a much rarer event (approximately 1 in 10 million
photons) Raman scattering occurs, which is an inelastic
scattering process with a transfer of energy between the
molecule and scattered photon.

. If the molecule gains energy from the photon during
the scattering (excited to a higher vibrational level) then the
scattered photon loses energy and its wavelength increases
which is called Stokes Raman scattering (after G. G. Stokes).

. Inversely, if the molecule loses energy by relaxing to a
lower vibrational level the scattered photon gains the
corresponding energy and its wavelength decreases; which is
called Anti-Stokes Raman scattering.

. Quantum mechanically Stokes and Anti-Stokes are
equally likely processes.

. However, with an ensemble of molecules, the majority
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of molecules will be in the ground vibrational level (Boltzmann

distribution) and Stokes scatter is the statistically more

probable process.

As a result, the Stokes Raman scatter is always more intense

than the anti-Stokes and for this reason, it is nearly always the

Stokes Raman scatter that is measured in Raman spectroscopy.

The wavelength of the Raman scattered light will depend on

the wavelength of the excitation light. This makes the Raman

scatter wavelength an impractical number for comparison

between spectra measured using different lasers.
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Raman Effect:

Radiation of frequency v as consisting of a steam of particles
(called photons) having energy hv where h is the plank’s
constant. Photon can be imagined undergo collisions with
molecules and, if the collision is perfectly elastic, they will be
deflected unchanged.

A detector placed to collect energy at right angles to an incident
beam will thus receive photons of energy hv that is radiation of
frequency v.

However, it may happen that energy is exchanged between
photon and molecule during the collision such collisions are
called inelastic. The molecule can gain or lose amounts of
energy only in accordance with the quantal laws: i.e. its energy
change must be the difference in energy between two of its

allowed state.

Energy Levels

If the molecules gains energy AE, the photon will be scattered
with energy hv-AE and the equivalent radiation will have a
frequency v-AE/h.

Conversely if the molecule loses the energy AE, the scattered

frequency will be v+AE/h.
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4.2. Mutual exclusion principle:

If a molecule has a centre of symmetry then Raman active
vibrations are infra-red inactive and vice versa. If there is no
centre of symmetry then some (but not necessarily all )

vibrations may be both Raman and IR active.

Mode of vibration of CO, Raman Infra-red

v, : symmetric stretch Active Inactive
v,: bend Inactive  Active
vy: asymmetric stretch Inactive  Active

The converse of this rule is also true. The observance of Raman
and IR spectra showing no common lines implies that the
molecules has a centre of symmetry; but here caution is
necessary since, a vibration may be Raman active but too weak
to be observed.

However, if some vibrations are observed to give coincident
Raman and IR absorption it is certain that the molecule has no
centre of symmetry. Thus extremely valuable structural
information is obtainable by comparison of the Raman and IR
spectra of substance.

Raman Shifts:

Raman shifts are typically reported in wavenumbers,
which have units of inverse length, as this value is directly
related to energy. In order to convert between spectral
wavelength and wavenumbers of shift in the Raman spectrum,

the following formula can be used
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1 1
Av=[—_ =
I (}ku J11) ’

where Av is the Raman shift expressed in wavenumber, AO is
the excitation wavelength, and Al is the Raman spectrum
wavelength. Most commonly, the unit chosen for expressing
wavenumber in Raman spectra is inverse centimeters (cm—1).
Since wavelength is often expressed in units of nanometers
(nm), the formula above can scale for this unit conversion

explicitly, giving

_ ’ 1 1 _ [1{'}?11_1’11}
Aplem ) = (hn{nm] ey (nm}) X .

(cm)

4.3. Excitation of Raman Spectra

A Raman spectrum can be obtained by irradiating a sample of
carbon tetrachloride (Fig 18-2) with an intense beam of an
argon ion laser having a wavelength of 488.0 nm (20492 cm-

1). The emitted radiation is of three types:

1. Stokes scattering
2. Anti-stokes scattering
3. Rayleigh scattering
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The abscissa of Raman spectrum is the wavenumber shift (v,
which is defined as the difference in wavenumbers (cm-1)
between the observed radiation and that of the source. For CCl4
three peaks are found on both sides of the Rayleigh peak and
that the pattern of shifts on each side is identical (Fig. 18-2).
Anti-Stokes lines are appreciably less intense that the
corresponding Stokes lines. For this reason, only the Stokes
part of a spectrum is generally used. The magnitude of Raman

shifts are independent of the wavelength of excitation.

4.4. Mechanism of Raman and Rayleigh Scattering

The heavy arrow on the far left depicts the energy change in the
molecule when it interacts with a photon. The increase in
energy is equal to the energy of the photon hv.

The second and narrower arrow shows the type of change that
would occur if the molecule is in the first vibrational level of
the electronic ground state.

The middle set of arrows depicts the changes that produce
Rayleigh scattering. The energy changes that produce stokes
and anti-Stokes emission are depicted on the right. The two
differ from the Rayleigh radiation by frequencies
corresponding to [/[1E, the energy of the first vibrational level
of the ground state. If the bond were infrared active, the energy
of its absorption would also be [ E. Thus, the Raman frequency
shift and the infrared absorption peak frequency are identical.

The relative populations of the two upper energy states are
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such that Stokes emission is much favored over anti-Stokes.
Rayleigh scattering has a considerably higher probability of
occurring than Raman because the most probable event is the
energy transfer to molecules in the ground state and reemission
by the return of these molecules to the ground state. The ratio
of anti- Stokes to Stokes intensities will increase with
temperature because a larger fraction of the molecules will be
in the first vibrationally excited state under these

circumstances.

Virtual yy
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A ]

Vibrational
energy states

* v v Y
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absorption scattering Raman Raman
scattering scattering
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4.5. Instrumentation:

Modern Raman spectroscopy nearly always involves the use of
lasers as excitation light sources. Because lasers were not
available until more than three decades after the discovery of

the effect, Raman and Krishnan used a mercury lamp and
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photographic plates to record spectra. Early spectra took hours
or even days to acquire due to weak light sources, poor
sensitivity of the detectors and the weak Raman scattering
cross-sections of most materials. Various colored filters and
chemical solutions were used to select certain wavelength
regions for excitation and detection but the photographic
spectra were still dominated by a broad center line
corresponding to Rayleigh scattering of the excitation source.
Technological advances have made Raman spectroscopy much
more sensitive, particularly since the 1980s. The most common
modern detectors are now charge-coupled devices (CCDs).
Photodiode arrays and photomultiplier tubes were common
prior to the adoption of CCDs. The advent of reliable, stable,
inexpensive lasers with narrow bandwidths has also had an
impact

Lasers

Raman spectroscopy requires a light source such as a laser. The
resolution of the spectrum relies on the bandwidth of the laser
source used.Generally shorter wavelength lasers give stronger
Raman scattering due to the v4 increase in Raman scattering
cross-sections, but issues with sample degradation or

fluorescence may result.

Continuous wave lasers are most common for normal Raman
spectroscopy, but pulsed lasers may also be used. These often

have wider bandwidths than their CW counterparts but are very
79|Page



useful for other forms of Raman spectroscopy such as transient,

time-resolved and resonance Raman

< =

Sambple Dispersive
source Element

Intensity [a.u.)

Raman shift [cmeT)

Detector Spectrum

Detectors

Raman scattered light is typically collected and either dispersed
by a spectrograph or used with an interferometer for detection
by Fourier Transform (FT) methods. In many cases
commercially available FT-IR spectrometers can be modified
to become FT-Raman spectrometers.

Detectors for dispersive Raman

In most cases, modern Raman spectrometers use array
detectors such as CCDs. Various types of CCDs exist which
are optimized for different wavelength ranges. Intensified
CCDs can be used for very weak signals and/or pulsed
lasers. The spectral range depends on the size of the CCD and
the focal length of spectrograph used.

It was once common to use monochromators coupled to
photomultiplier tubes. In this case the monochromator would
need to be moved in order to scan through a spectral range.
Detectors for FT-Raman

FT-Raman is almost always used with NIR lasers and
appropriate detectors must be used depending on the exciting
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wavelength. Germanium or Indium gallium arsenide (InGaAs)
detectors are commonly used

Filters

It is usually necessary to separate the Raman scattered light
from the Rayleigh signal and reflected laser signal in order to
collect high quality Raman spectra using a laser rejection filter.
Notch or long-pass optical filters are typically used for this
purpose. Before the advent of holographic filters it was
common to use a triple-grating monochromator in subtractive
mode to isolate the desired signal.[12] This may still be used to
record very small Raman shifts as holographic filters typically
reflect some of the low frequency bands in addition to the
unshifted laser light. However, Volume hologram filters are
becoming more common which allow shifts as low as 5 cm—1

to be observed

Raman vs. LR

For a given bond, the energy shifts observed in a Raman
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experiment should be identical to the energies of its infrared
absorption bands, provided that the vibrational modes involved
are active toward both infrared absorption and Raman
scattering. The differences between a Raman spectrum and an
infrared spectrum are not surprising. Infrared absorption
requires that a vibrational mode of the molecule have a change
in dipole moment or charge distribution associated with it.

In contrast, scattering involves a momentary distortion of the
electrons distributed around a bond in a molecule, followed by
reemission of the radiation as the bond returns to its normal
state. In its distorted form, the molecule is temporarily
polarized; that is, it develops momentarily an induced dipole

that disappears upon relaxation and reemission.
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CHAPTER-V

NMR SPECTROSCOPY

NMR spectroscopy is one of the most powerful tools or
structural elucidation. Various applications, that is the various
aspects such as classification of chemical shifts into different
region, effect of structure on spin-spin coupling, hydrogen
bonding and different types of m electron circulation with
several example have been already discussed. Nuclear
magnetic resonance (NMR) spectroscopy, as is implied in the
name, involved the change of the spin state of a nuclear
magnetic moment when the nucleus absorbs electromagnetic
radiation in a strong magnetic field. Two types of NMR
spectroscopy in common use today are notably 1H (proton, i.e.
PMR) and 13C (carbon, i.e. CMR). To study the radio-
frequency radiation of nuclei is called nuclear magnetic
resonance. The method was first discovered by

E.M. Purchell and Felix Bloch in 1946. Three broad principles
for nuclear spins:

1) If the sum of protons and neutrons is odd, then I is half
integral (1/2, 3/2, 5/2, ...). For example: 1H, 13C =>1=1/2;
11B, 35C1 => 1 = 3/2. (I = spin quantum number)

2) If the sum of protons and neutrons is even, then I is zero or
integral (0, 1,2,3 ...).

3) If both protons and neutrons are even numbered, then I is

zero. 12C and 160 fall this category and give No NMR signal
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In fact, magnetic properties occur with those nuclei which
have...

a) Odd atomic number and odd mass number, e.g. 1H1, 15N7,
etc.

b) Odd atomic number and even mass number, e.g. 2H1, 14N7,
etc.

c)Even atomic number and odd mass number, e.g. 13C6, etc.
The NMR spectroscopy is most often concerned with [ = 1/2,
the best example of which is proton 1H1 with a spin of '%, so,
the NMR spectroscopy sometimes also known as proton
magnetic resonance (PMR) spectroscopy.

5.1. Nuclear Spin Transitions

In all forms of spectroscopy, it is necessary to have two or more
different states of the system that differ in energy. In a system
with two energy levels, the one of lower energy is often referred
to as the ground state and the higher energy state is the excited
state. In the case of nuclear magnetic resonance spectroscopy,
the energies of the states arise from the interaction of a nuclear
magnetic dipole moment with an intense external magnetic
field. Excitation of transitions between these states is
stimulated using radio-frequency (rf) electromagnetic
radiation.

Nucleus of hydrogen (proton) behaves as a tiny spinning
magnet bar. It possesses both electric charge and mechanical
spin. As any spinning charged body will generate a magnetic

field, so the nucleus of hydrogen also generates it own
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magnetic field.

In presence of an external magnetic field, protons respond to
the influence of the external magnetic field and tend to align
itself with that field.

Proton adopts two orientations with respect to an external field:
Aligned with field or parallel (lower energy state),

Opposed to the field or anti-parallel (higher energy state).

The number of allowed orientations is given by (21 + 1), where
I is spin quantum number of the nucleus.

In the absence of magnetic field, the two spin states are of equal
energy or degenerate. When placed in an external magnetic
field, a proton’s spin, and the associated magnetic field can
align either with or against the external field. The splitting of

the spin states in presence of magnetic field.

SPIN=+12 SPIN=-12 SPIN=-112

AVLQ\ @'N SE |y | DIRECTION OF APPLIED

MAGNETIC FIELD EXTERNAL MAGNETIC FIELD,Hq
CREATED BY SPINNING

ENERGY

NO EXTERNAL FIELD APPLIED EXTERNAL FIELD

If a proton is processing in the aligned orientation, It can absorb
the energy and pass into the opposed orientation which
subsequently losses the energy and relax back to aligned
position. If we irradiate the processing nuclei with a beam of rf

energy of the
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correct frequency, the low energy nuclei may absorb energy
and move to a higher energy state. The processing nuclei will
only absorb energy if the frequency of the Rf beam matches the
processional frequency; when this occurs, the nucleus and the
Rf beam are said to be in resonance; hence the term Nuclear
Magnetic resonance.

When a magnetic field is applied, the nucleus (proton) begins
to precess about its own axis of spin with angular frequency ®
(which is sometimes called its Larmor frequency). As the
nucleus has a charge it behaves as a tiny spinning magnet bar
and its precession generates an oscillating electric field of the
same frequency. If radiofrequency waves of this frequency
are supplied to the

processing proton, the energy can be absorbed. That is, when
the frequency of the supplied radiofrequency waves just
matches the frequency of the electric field generated by the
processing nucleus, the two fields may couple and energy may
be transferred from the Applied mignetit field

supplied radiofrequency waves J S
to the nucleus, thus causing a Precessional / i ‘

orbit
spin change. If a proton is “
precessing in the aligned Spinning
. . nucleus
orientation  (lower energy
state), it can absorb the energy
and pass into the opposed :

orientation (higher energy :
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state) which subsequently losses the energy and relax back to
aligned position. The emitted energy in this region produces an
NMR signal.

This condition at which the frequency of the supplied
radiofrequency waves just matches the frequency of the
magnetic field generated by the precessing nucleus is called
resonance, and the nucleus is said to be in resonance with the

incoming electromagnetic wave.

NMR Active and Inactive Nuclei

(i) Zero nuclear spin:

For the nuclei having both numbers of protons (p) and neutrons
(n) even. Even number of p and n gives even charge and mass.

eg *He,"?C,'%0 etc.

(ii) Intregral nuclear spin:
For the nuclei having both numbers of protons (p) and neutrons
(n) odd. Odd number of p and n gives odd charge but even mass

(ptn). eg 2H (I=1),*N (I= 1), 1°B (I = 3) etc.

(iii) Half Intregral nuclear spin:

For the nuclei having odd mass. eg 'H (I =% ),"N (I = %),
O (I=5/2) etc.

Instrumentation

The instrument contains a radio frequency transmitter to

transmit the radio frequency. = The sample under study is
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placed in a spinning tube, which is placed between two magnet
poles. Two sweep coils are placed between the spinning tube
and the magnets. The sweep coils are fitted with a sweep
generator. The radio frequency transmitter transmits radio
frequency which passes through the sample under observation
and is then received in radio frequency receiver and amplifier.
Finally, it is recorded in the control console and recorder. The
block diagram of NMR spectrometer is shown in figure 4.2.
The basic requirements of a typical NMR spectrometer are:

i. Electromagnet: A powerful electromagnet provides a
homogeneous and stable magnetic field. It should be constant
over the area of the sample and during the period of the
experiment.

ii. Sweep Generator: It supplies variable current to a
secondary magnet. As a result, the total applied magnetic field
can be varied over a small range.

iii. Sample Tube: A sample tube is usually made of glass. It is
the tube which

contains the sample under investigation. The sample tube is
rotated by an air-driven turbine which provides homogeneous
magnetic field to the sample under investigation.

iv. Radio-frequency Transmitter: A radio frequency
transmitter transmits desired energy to the sample.

v. Radio-frequency Receiver & Amplifier: A radio frequency
receiver receives the signals coming from the sample. It also

amplifies the signal.
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vi. Control Console and Recorder: It is a read-out system. It
records the
signal coming from the receiver. It also increases the sensitivity

and resolution. It plots the output results in the form of

spectrum
Radio frequency
{ransmaier Radio frequency
receiver & amplifier
Sweep
Coils
TN e * -
Magnet 3 : Magnet Control Console
: 1| Pole and
== Foe ‘ Snacy Recorder
— N s
 EOSORGR ——
Spinning
sample tube
Sweep Generator
Solvents in NMR

For 1H NMR spectroscopy, the solvent must be free
from Proton (H). Common solvent for IH NMR spectroscopy
is CCl4, CDCI3 etc.

Generally, deuterated solvents are used in NMR
spectroscopy. The main reasons

for using deuterated solvents are
1) During analysis much more solvent is used than the
substance of interest in the sample to be investigated, if proton
(H) is present in the solvent then its absorption will be more
than the sample itself, so, NMR spectra will not give much
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information about the sample.

i) Modern NMR spectrometers measure the deuterium
absorption of the solvent to stabilize the magnetic field
strength. As the observation frequency is field dependent, the
deuterium receiver notices a field fluctuation through a change
of the observation frequency and can correct the field strength

correspondingly.

5.2. Shielding and Deshielding effects
Under an applied magnetic field, circulating electrons in the
electron cloud produce a small opposing magnetic field,
ultimately decreasing the effective magnetic field felt by the
proton, shifting the signal to the right (or upfield). This effect,
in which the electron cloud “shields” the proton from the
applied magnetic field is called shielding effect. The shielding
and deshielding effects

The higher the electron density around the nucleus, the
higher the opposing magnetic field to BO from the electrons,
the greater the shielding. Because the proton experiences lower
external magnetic field, it needs a lower frequency to achieve
resonance, and therefore, the chemical shift shifts upfield

(lower ppms)
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A proton surrounded
by electron density

Magnetic field induced

- ’\‘ D by the electron

1 —_— (opposite to Bo)
nucleus

Bo Bo

The induced field decreases the strength
of the magnetic field felt by the nucleus

[An isolated proton|

The nucleus feels B, only

This nucleus is deshielded This nucleus is shielded

Deshielding Effect

If the electron density around a proton decreases, the
opposing magnetic field becomes small and therefore, the
proton feels more external magnetic field BO, such type of
proton is known as deshielded and the effect is known as
deshielding effect. As the proton experiences higher external
magnetic field, it needs a higher frequency to achieve
resonance, and therefore, the chemical shift, shifts downfield
(higher ppms).
Protons (H’s) that are attached to more electronegative atoms
experience higher chemical shifts. Electronegative atoms also
remove electrons from the electron cloud, which decreases
their density and results in less shielding; hence electronegative
atoms are said to deshield the proton and cause it to have a
higher chemical shift, moving it to the left (or downfield). The
magnitude of the deshielding effect, however, rapidly
decrecases as the distance between the proton and
electronegative atom increases.
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5.3. Chemical Shift

Chemical shift may be defined as the shift in the position of
NMR absorptions of a particular proton in a molecule with
respect to the signal of reference compound (TMS).

The knowledge of chemical shift helps one to know about the
electron density around a proton. When a H nucleus is
surrounded by high electron density, the proton experiences a
lower magnetic field due to shielding effect. So, in order to
bring the proton to resonance, the magnetic flux density must
overcome this shielding effect and as a result a lesser o value
(upfield) results.

There are several factors on which chemical shifts depends

(i) Electronegativity

Greater the electronegativity of the atom (X) near the proton to
be investigated, greater is the chemical shift for the proton.

Thus, for the following molecules the 6 values are

Molecule: CH31 CH3Br CH3Cl CH3F
O value: 2.16 2.68 3.05 4.26

Since the electronegativity of the halogens is in the order I < Br
< CI <F, so, shielding effect of the protons in the compounds
follows the order CH31 > CH3Br > CH3Cl > CH3F , hence the
order of & values follows.

As these effects are transmitted through a chain, so, chemical

shift decreases with increase in chain length.
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(ii) Hydrogen Bonding

The hydrogen bonded proton being attached to a highly
electronegative atom, is less shielded and the field felt by such
a proton is more. As a result, resonance occur downfield
(higher o value). Downfield shift depends upon the strength of
H-bonding.

Intermolecular H-bonding show a downfield shift of
absorption, while intramolecular H-bonding does not show any
shift in absorption.

(iii) Anisotropic effect

When a magnetic is applied to a molecule containing ©
electrons, then these electrons begin to circulate
perpendicularly to the direction of the applied field, which
results in the production of induced magnetic field. The effect
of this induced magnetic field on nearby proton depends upon
the orientation of the proton with respect to the 7 electrons that
produces the induced magnetic field.

The induced magnetic field opposes the applied field
(shielding), in case of C2H2 and hence resonance occurs
upfield (lower & value). On the other hand, in case of alkenes
and aromatic hydrocarbons, the induced magnetic field
reinforces the applied field (deshielding) and hence resonance

occurs downfield (higher 6 value).
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NMR Scale

Chemical shifts of NMR spectra are expressed in two scales —

0 — scale: In this scale the signal for TMS is taken at § value 0

(zero) and it increases downfield.

£ — scale: In this scale the signal for TMS is taken at { value
10 and it decreases downfield.

The relation between the two scales can be given as

(=10-3

Coupling Constant

If there is no any neighbouring proton, near a proton under
consideration, then NMR signals will be a single peak. But it is
not seen usually because in organic compounds, there are
protons around a proton under consideration that can couple
with it, resulting in the splitting of the peak. Depending on the
number of neighbouring protons, a peak splits into a doublets
(2 peaks), triplets (3 peaks), quartets (4 peaks), etc.The distance
between the splitted peaks are called coupling constants. It is
usually denoted by Jab (shown in figure 4.6). Here, a and b
denotes the type of proton (Ha and Hb) that are coupled.
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K,

H,

Signal for Ha, if it undergoes no spin spin coupling

When coupled with Hp,it splits into
Jao two lines in the ratio 1:1

Coupling Constant

5.4 MASS SPECTROSCOPY

Mass spectrometry is an analytical tool useful for
measuring the mass-to-charge ratio (m/z) of one or more
molecules present in a sample.

These measurements can be used to calculate the exact
molecular weight of the sample components.

Mass spectrometers can be used to identify unknown
compounds via molecular weight determination, to quantify
known compounds, and to determine structure and chemical
properties of molecules.

Mass spectrometer consists of at least these three components:
. Ionization Source
. Mass Analyzer

. Ion Detection System
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1. The Ionization Source

Molecules are converted to gas-phase ions so that they can be
moved about and manipulated by external electric and
magnetic fields.

2. The Mass Analyzer

Once ionized, the ions are sorted and separated according to
mass-to-charge (m/z) ratios.

3. Ion Detection System

The separated ions are then measured and sent to a data system
where the m/z ratios are stored together along with their relative
abundance.

A mass spectrum is simply the m/z ratios of the ions present in
a sample plotted against their intensities. Each peak in a mass
spectrum shows a component of unique m/z in the sample, and
heights of the peaks gives the relative abundance of the various
components in the sample. A mass spectrum of a sample is

given below.
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Principle

The mass spectroscopy is based on the positive ion generation.
In electron impact ionization technique, the sample under
investigation is converted into vapor phase and bombarded
with electrons having energy sufficient to knock out one
electron from it (>10 eV) to produce a positively charged ion
called molecular ion or parent ion which is denoted by M+.
Positively charged molecule M+ is often unstable, and with
increase in energy (10-70 eV) according to bond strength, they
break into fragments called fragment or daughter ion which is
denoted by M+1. Ions formed are separated in analyzer under
the influence of electric and magnetic field and are recorded by

the detector to give rise a mass spectrum.

™M + e — = M* + 26

M, = M,

Where,
M* = molecular ion
M, " and M, "= Fragment ions

When a high energy electron collides with a molecule it often
ionizes it by knocking away one of the molecular electrons
(either bonding or non-bonding). This leaves behind a
molecular ion (colored red in the following diagram). Residual

energy from the collision may cause the molecular ion to
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fragment into neutral pieces (colored green) and smaller
fragment ions (colored pink and orange). The molecular ion is
a radical cation, but the fragment ions may either be radical
cations (pink) or carbocations (orange), depending on the
nature of the neutral fragment. An animated display of this
ionization process will appear if you click on the ion source of
the mass spectrometer diagram.

A mass spectrum will usually be presented as a vertical bar
graph, in which each bar represents an ion having a specific
mass-to-charge ratio (m/z) and the length of the bar indicates
the relative abundance of the ion. The most intense ion is
assigned an abundance of 100, and it is referred to as the base
peak. Most of the ions formed in a mass spectrometer have a
single charge, so the m/z value is equivalent to mass itself.
Modern mass spectrometers easily distinguish (resolve) ions
differing by only a single atomic mass unit (amu), and thus
provide completely accurate values for the molecular mass of a
compound. The highest-mass ion in a spectrum is normally
considered to be the molecular ion, and lower-mass ions are
fragments from the molecular ion, assuming the sample is a
single pure compound.

Components of mass spectrometer

Mass spectrometer mainly consists of following components:

1. Inlet system
2. Ion generation chamber
3. Analyzer tube
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4. Ion collector

5. Data collection system

The inlet system transfers the gaseous form of sample into the
vacuum of the ion generation chamber of mass spectrometer.
In the ion generation chamber, neutral sample molecules are
ionized and then accelerated into the mass analyzer tube. The
mass analyzer tube is the most important part on which a range
of the mass spectrometer depends. This segment separates
generated ions, either in space or in time, according to their
mass-to-charge ratio (m/z). Once the ions are separated, they
are collected and detected in ion collector chamber. Then, the
signal is transferred to a data collection system for data
investigation. The high vacuum is applied between the ion
generation chamber, analyzer tube and ion collector. The
vacuum system is maintaining the low pressure which
minimizes the chances of ion-molecule reaction, scattering and
neutralization of the ions. Components of a mass spectrometer
are shown in the figure given below.

Gas Phase lons lon Sorting fon Detection Mass Spectrum
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Isotopes

Since a mass spectrometer separates and detects ions of slightly
different masses, it easily distinguishes different isotopes of a
given element. This is manifested most dramatically for
compounds containing bromine and chlorine, as illustrated by
the following examples. Since molecules of bromine have only
two atoms, the spectrum on the left will come as a surprise if a
single atomic mass of 80 amu is assumed for Br. The five peaks
in this spectrum demonstrate clearly that natural bromine
consists of a nearly 50:50 mixture of isotopes having atomic
masses of 79 and 81 amu respectively. Thus, the bromine
molecule may be composed of two 79Br atoms (mass 158
amu), two 81Br atoms (mass 162 amu) or the more probable
combination of 79Br-81Br (mass 160 amu). Fragmentation of

Br2 to a bromine cation then gives rise to equal sized ion peaks

100|Page



at 79 and 81 amu.
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etastable ions

Metastable ions are those that dissociate en route from an ion
source, through a mass analyser to an ion detection device. The
term metastable refers only to ions that are able to fragment in
flight by virtue of internal energy that they acquired within the
ion source, not after acceleration there from, nor by collisions
with a target gas, nor by radiative excitation as they traverse the
apparatus. They are thus unimolecular dissociations.

The ions resulting from decomposition between the source
region and magnetic analyzer are called as metastable ions.
These appear as broad peaks called metastable ion peaks.
Characteristics of metastable peaks are:

1. These peaks are much broader, that is, they spread over
several mass units.

2. These peaks appear in the mass spectrum usually at

non-integral m/e values.
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3. These peaks are of relatively low abundance or low
intensity

4. The metastable ions can be detected by a double
focussing mass spectrometer. Metastable peaks in the mass
spectrum greatly contribute in structure ellucidation
Fragmentation patterns

The fragmentation of molecular ions provides a clue to the
molecular structure, but if the molecular ion has a lifetime of
less than a few microseconds it will not survive long enough to
be observed. Without a molecular ion peak as a reference, the
difficulty of interpreting a mass spectrum increases markedly.
Fortunately, most organic compounds give mass spectra that
include a molecular ion, and those that do not often respond
successfully to the use of milder ionization conditions. Among
simple organic compounds, the most stable molecular ions are
those from aromatic rings, other conjugated pi-electron
systems and cycloalkanes. Alcohols, ethers and highly
branched alkanes generally show the greatest tendency toward
fragmentation.

The mass spectrum of dodecane illustrates the behavior of an
unbranched alkane. Since there are no heteroatoms in this
molecule, there are no non-bonding valence shell electrons.
Consequently, the radical cation character of the molecular ion
(m/z = 170) is delocalized over all the covalent bonds.
Fragmentation of C-C bonds occurs because they are usually

weaker than C-H bonds, and this produces a mixture of alkyl
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radicals and alkyl carbocations. The positive charge commonly
resides on the smaller fragment, so we see a homologous series
of hexyl (m/z = 85), pentyl (m/z = 71), butyl (m/z = 57), propyl
(m/z = 43), ethyl (m/z = 29) and methyl (m/z = 15) cations.
These are accompanied by a set of corresponding alkenyl
carbocations (e.g. m/z = 55, 41 & 27) formed by loss of 2 H.
All of the significant fragment ions in this spectrum are even-
electron ions. In most alkane spectra the propyl and butyl ions
are the most abundant.

The presence of a functional group, particularly one having a
heteroatom Y with non-bonding valence electrons (Y = N, O,

S, X etc.), can dramatically alter the fragmentation pattern of a

compound.
CH3‘CH2‘cHz‘cHz‘CHz‘CHz‘CHz‘CHz'CHz'CHz‘CHz‘CHg
10
57 Dodecane
80 43
60
40
20+
M*
170
0. . Al 1} i }

5.5. The Nitrogen Rule
If the molecular mass of an unknown compound to the nearest
integer value is an odd number, the compound contains an odd

number of nitrogens in its molecular formula. Correspondingly,
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if the molecular mass is an even number, the compound
contains zero or an even number of nitrogens in its molecular
formula. This rule, illustrated below, results from nitrogen
having a valence of three and an even atomic mass. Consistent
with the nitrogen rule, a correct molecular formula for a
molecule with an odd molecular mass in the nearest integer
value will have the sum of the number of hydrogens plus
halides as an odd number. Correspondingly, a correct
molecular formula for a molecule with an even molecular mass
will have the sum of the number of hydrogens plus halides as
an even number

Examples

The molecular ion for aminoethane (ethylamine),
[CH3CH2NH2]", is m/z=45 amu, an odd number; the number
of hydrogens is five, also an odd number.

The molecular ion for 1,2-diaminoethane,
[NH2CH2CH2NH2]*, is m/z= 60 amu, an even number; the
number of hydrogens is eight, also an even number.
McLafferty rearrangement

McLafferty rearrangement is a characteristic fragmentation of
the molecular ion of a carbonyl compound containing at least

one gamma hydrogen, eg:

H H H
108 Clo: o
— I —1 - I
B

molecular ion
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5.6. Applications

1. Phytochemical analysis

Mass spectroscopy is widely employed in phytochemical
analysis due to its capability to identify and measure
metabolites having very low molecular weight at very low
concentration ranges below nanogram per milliliter (ng/mL).
Therefore, it is considered as trace analysis methodology.

2. Structure elucidation

Mass spectroscopy has major use in structure elucidation of
compounds. Mass spectrum is produced in the form of bar
graph which is interpreted by using the following peaks: Base
peak, Molecular ion peak, fragment ion peak, metastable ion
peak.

3. Peptide and protein sequence/structure analysis
Mass spectroscopy has an important application in analysis of
sequence of amino acids in proteins and peptides, that is,
analysis of structure of proteins and peptides, and this is
employed increasingly. This can be performed by stepwise
hydrolysis accompanied with chromatography.

4. Clinical studies

Greater degree of sensitivity is required when analyte quantity
is too low and mass spectroscopy due to its higher sensitivity
marks a valuable place in clinical analysis.

5. Pharmaceutical analysis

Mass spectroscopy now becomes an irreplaceable tool in all

types of drug discoveries due to its high sensitivity, speed,
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versatility and selectivity.

6. Forensic applications

In forensic study, sample is in minute quantity; therefore, high
sensitivity is required for analysis. Mass spectroscopy coupled
with gas chromatography emerged as an indispensable tool in
forensic field as well as LC-MS has also wide utility in forensic
study. In forensic studies, the use of mass spectroscopy is
becoming significant because of increase in the demand to
investigate use of illegal drugs through analyzing body fluids

and tissues.
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